Abstract: An improved synthesis of multifunctionalized pyrrolo [2,3,4-kl]acridine derivatives with different substituted patterns using silica sulfuric acid (SSA) as a heterogeneous catalyst under microwave irradiation conditions was developed. The reaction could be conducted by using readily available and inexpensive substrates within short periods of 12-15 min. under microwave irradiation. Compared with the conventional methods, the remarkable advantages of this method are milder reaction conditions, operational simplicity, higher yields, short reaction times, and an environmentally friendly procedure.
Introduction
Acridine derivatives were primarily used as stains for dye manufacturing (e.g., acridine orange) until their fluorescence and chemiluminescence properties found numerous other applications [1] [2] [3] . Such acridines have demonstrated important biological activity [4] , including activity against cancer [5] due to their ability to intercalate into DNA and disrupt unwanted cellular processes [6] . This unique property of acridines has been exploited in many areas of medicine. As a result, significant biological activity toward viruses [7] , bacteria [8] , parasites [9, 10] , fungus [11] , Alzheimer's disease [12] , and HIV/AIDS [13] has also been reported. Pyrrolo [2,3,4-kl] acridine derivatives have been isolated from a Plakortis sponge and showed biological activities [14, 15] . Although there have been some reports on the synthesis of these molecules [16, 17] , those methods require multistep syntheses. Recently, we [18] and Tu [19] reported the one-pot synthesis of pyrrolo [2,3,4-kl] acridine derivatives catalyzed by L-proline or AcOH, respectively. However, these methods required the use of toluene or acetic acid as solvents. Thus, there is a need for the development of concise and green methods for the construction of this heterocyclic skeleton.
The need to reduce the amount of toxic waste and by-product arising from chemical process requires increasing emphasis on the use of less toxic and environmentally compatible materials in the design of new synthetic methods. One of the most promising approaches in organic synthesis is the use of reusable heterogeneous catalysts because of their environmental, economical, and industrial aspects [20] . The development of efficient methods using recoverable and reusable catalysts is an important goal in organic synthesis. Up to now, several reusable and heterogeneous catalysts have been designed and used. One useful example is silica sulfuric acid (SSA), which has been widely studied in recent years [21] [22] [23] , in a variety of reactions such as cross-Aldol condensation [24] , deacylation [25] , selective oxidation [26] , Michael addition [27] and functional group protection [28] . In our previous works, SSA was used as an efficient catalyst for the acetylation of aldehydes and sugars [29] . As a continuation of our interest in organic reactions catalyzed by solid acids [29, 30] , herein, we report the microwave-assisted green synthesis of pyrrolo [2,3,4-kl] acridine-1-one derivatives catalyzed by SSA in ethanol.
Results and Discussion
In a preliminary study, we optimized the reaction conditions, including reaction solvents, temperature, catalyst and amount of SSA catalyst using isatin (1a), and 3-(4-t-butylphenylamino)-5,5-dimethylcyclohex-2-enone (2a) as model reactants (Scheme 1). The reaction mixture, which was composed of a 1:1 mixture of 1a to 2a, was tested under different conditions. The results are summarized in Table 1 . The optimization process revealed that the reactions did not proceed in ethanol under catalyst-free conditions (Table 1 , entry 1). Pleasingly, the target compound 3a was obtained in ethanol with 0.02 g SSA as catalyst (Table 1 , entry 2). To improve the yield, different solvents were evaluated. The results indicated that ethanol provided much better results than AcOH, ethylene glycol or water (Table 1 , entries 2-5). The non-polar solvent toluene gave the same yield (Table 1 , entry 6). Considering the toxicity of toluene, ethanol was selected as the preferred reaction solvent. Several other catalysts were also evaluated for their catalytic efficiency in the current reaction. Common acids (H 2 SO 4 and HCl) and other catalysts (I 2 or L-proline) can catalyze this reaction with low yields (Table 1 , entries 7-10). The results revealed that SSA was the optimal catalyst with the product being isolated in 91% yield (Table 1 , entry 2). Subsequently, we proceeded to evaluate the amount of SSA required for this reaction. When 0.02 g of silica gel was used, the reaction of 3a proceeded in good yield (91%, Table 1 , entry 2). The reaction yield remained unchanged when we increased the amount of SSA (Table 1 , entries 11 and 12), but the yield was lower when the amount of SSA was decreased (Table 1, entry 13), therefore, 0.02 g of SSA is sufficient to initiate the reaction. To identify the optimum reaction temperature, the reaction was carried out with 0.02 g SSA at 90 °C, 100 °C, 110 °C and 120 °C, providing the product 3a in yields of 71%, 85%, 91% and 87% ( Having established the optimal conditions we proceeded to investigate the substrate scope of the transformation. As shown in Table 2 , substituents such as bromo, chloro, fluoro on the isatin ring, and t-butyl or phenyl groups bearing either electron-withdrawing or electron-donating groups on the enaminone ring, were well tolerated under these reaction conditions, leading to the final products in satisfactory yields (up to 93%). To expand the scope of the present method, N-substituted 3-aminocyclohex-2-enone, N-substituted 3-amino-5-phenylcyclohex-2-enones or N-substituted 3-amino-5-methylcyclohex-2-enones (4) were examined to replace the N-substituted 3-amino-5,5-dimethylcyclohex-2-enones (2), to our surprise, under the above optimized conditions, the desired 4,5-dihydropyrrolo[2,3,4-kl]acridine products 3 were not obtained. In the corresponding 1 H-NMR spectra, the methylene group signals could not be detected, however a new aromatic proton could be detected easily. This result indicated that the corresponding oxidation products, the pyrrolo[2,3,4-kl]acridine derivatives 5 were produced ( Table 3 ). The structures of the products 3 and 5 were identified from their IR, 1 H-NMR, and HRMS spectra. The structure of compound 3k was further confirmed by X-ray analysis ( Figure 1 ). 
Experimental

General
All reagents were purchased from commercial suppliers and used without further purification. Melting points are uncorrected. IR spectra were recorded on Varian F-1000 spectrometer in KBr with absorptions in cm High-resolution mass spectra (HRMS) for all the compounds were determined on Bruker MicrOTOF-QII mass spectrometer with ESI resource (Billerica, MA, USA). X-ray crystallographic analysis was performed with a Rigaku Mercury CCD/AFC diffractometer (Tokyo, Japan). Microwave irradiation was carried out with an Initiator EXP Microwave Synthesizer from Biotage (Uppsala, Sweden). The reaction temperature was measured by an infrared detector during microwave heating.
General Procedure for the Synthesis of Compounds 3 and 5
Isatin (1, 1.0 mmol) was introduced in a 10-mL Initiator reaction vial, and enaminone 2 or 4 (1.0 mmol) and 0.02 g of silica sulfuric acid as well as ethanol (3 mL) were then successively added. Subsequently, the reaction vial was closed and prestirred for 10 s. The mixture was irradiated (time, 12 or 15 min; temperature, 110 °C; absorption level, high; fixed hold time) until TLC (petroleum ether/ethyl acetate 3:1) revealed that convension of the starting material 1 was complete. The reaction mixture was then cooled to room temperature and concentrated. The solid was collected by Büchner filtration and purified by flash column chromatography (silica gel, mixture of petroleum ether/ethyl acetate, 3:1, v/v) to afford the desired products 3 or 5. [2,3,4-kl] [2,3,4-kl] acridin-1(2H)-one (3s) [2,3,4-kl] [2,3,4-kl] [2,3,4-kl] [2,3,4-kl] [2,3,4-kl] [2,3,4-kl] 
2-(4-tert-Butylphenyl)-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3a
9-Chloro-4,5-dihydro-4,4-dimethyl-2-(3,5-dimethylphenyl)pyrrolo[2,3,4-kl]acridin-1(2H)-one (3g
9-Chloro-2-(3-chloro-4-fluorophenyl)-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3h
9-Chloro-2-(2-ethylphenyl)-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3i
2-Butyl-9-chloro-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3j
2-(4-tert-Butylphenyl)-9-fluoro-4,5-dihydro-4,4-dimethylpyrrolo
2-(4-Chlorophenyl)-9-fluoro-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3l
9-Fluoro-4,5-dihydro-4,4-dimethyl-2-(2,4-dimethylphenyl)pyrrolo[2,3,4-kl]acridin-1(2H)-one (3m
2-(3-Chloro-4-fluorophenyl)-9-fluoro-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3n
2-(4-tert-Butylphenyl)-9-fluoro-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3o
2-(2-Ethylphenyl)-9-fluoro-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3p
9-Bromo-2-(4-chlorophenyl)-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3q
9-Bromo-2-(3-chloro-4-fluorophenyl)-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3r
9-Bromo-2-(4-bromophenyl)-4,5-dihydro-4,4-dimethylpyrrolo
9-Bromo-4,5-dihydro-4,4-dimethyl-2-(3,5-dimethylphenyl)pyrrolo
9-Bromo-2-butyl-4,5-dihydro-4,4-dimethylpyrrolo[2,3,4-kl]acridin-1(2H)-one (3u
2-(4-Chlorophenyl)-9-fluoropyrrolo
2-(2,4-Dichlorophenyl)-9-fluoropyrrolo
2-(4-Bromophenyl)-9-chloropyrrolo
9-Fluoro-2-(2,4-dimethylphenyl)-4-phenylpyrrolo
2-(4-tert-Butylphenyl)-9-chloro-4-phenylpyrrolo
Conclusions
In conclusion, we have developed a procedure for the simple synthesis of a variety of potential biologically active pyrrolo[2,3,4-kl]acridines based on a novel domino reaction. Using this method, a library of molecularly diverse pyrrolo[2,3,4-kl]acridine derivatives was rapidly assembled (12-15 min) with excellent yields (84%-93%) by using readily available and inexpensive substrates under microwave irradiation.
